Extremely low birth weight infants remain at increased risk of intraventricular hemorr h age from the fragile vascular bed of the germinal matrix; the roles of hypotension (ische mia) and reperfusion (hyperemia) in the development of intraventricular he morrhage are still debated. Cerebrovascular pressure autoregulation protects the brain by maintaining constant cerebral blood flow despite changes in blood pres sure. The ontogeny of cerebrovascular pressure autoregulation has not been well established and uncertainty remains about the optimal arterial blood pressure required to support brain perfusion. Another important aspect of premature cerebral hemodynamics is the critical closing pressure--the arterial blood pressure at which cerebral blood flow ceases. Interestingly, in premature infants, the critical closing pressure approximates the mean arterial blood pressure. Often in this unique population, cerebral blood flow occurs only during systole when the diastolic arterial blood pressure is equal to the critical closing pressure. Moreover, the diastolic closing margin, a metric of cerebral per fusion that normalizes diastolic arterial blood pressure to the critical closing pressure, may be a better measure than arterial blood pressure for defining cerebral perfusion in premature infants. Elevated diastolic closing margin has been associated with intraven tricular hemorrhage. This review summarizes the current state of understanding of cerebral hemodynamics in premature infants.
INTRODUCTION
Extremely low birth weight (ELBW, birth weight ≤1,000 g) infants are at high risk for develop ing brain injury early in life. Intraventricular hemorrhage (IVH) is the most common form of brain injury, and its incidence is inversely proportional to gestational age (GA) and birth weight (BW). IVH is associated with longterm neurodevelopmental delay, poor cognitive performance, visual and hearing impairment, epilepsy and cerebral palsy 1) . De spite impro vements in overall ELBW infant survival, they remain at high risk for poor neuro developmental outcomes.
The thinwalled, immature vessels of the germinal matrix con tribute to the increased risk for IVH in ELBW infants 2, 3) . In addi tion, hypotension (ischemia) followed by reperfusion (hypere mia) have been implicated in the pathogenesis of IVH in human pre mature infants 47) an in experimental animal models 8, 9) . A delicate balance is required to maintain adequate cerebral perfu sion while avoiding ischemia or hyperemia, both of which may result in brain injury.
Arterial blood pressure (ABP) is the most frequently monitored parameter for assessment of hemodynamics in ELBW infants;
however, there is littletono correlation between systemic blood flow and ABP, as shock occurs even with normal ABP 10, 11) . The goal of ABP management in premature infants is to maintain adequate perfusion to the brain and other vital organs. Despite this objec tive, neonatologists have been unable to determine evidence based ABP values or thresholds to define hypotension, the most appropriate treatments and whether treatment is even required for some infants. This highlights the importance of defining opti mal ABP management that is supportive of cerebral and other organ perfusion 12, 13) .
In order to define optimal brain perfusion, several key aspects of cerebral hemodynamics must be included to understand this complex physiology: cerebrovascular pressure autoregulation, critical closing pressure (CrCP) and the diastolic closing margin (DCM). Cerebrovascular pressure autoregulation protects the brain by maintaining constant cerebral blood flow (CBF) across a wide range of ABPs and has been shown to be impaired in sick premature infants 14) . Determining the effective cerebral perfusion pressure requires knowledge of the CrCP, the ABP at which the CBF ceases. When diastolic ABP is equal to the CrCP, CBF occurs only during systole. Therefore, a metric is needed that accounts for CrCP and the observations of passive or absent CBF during diastole. The DCM, diastolic ABP minus CrCP, provides a metric of effective cerebral perfusion pressure, and when elevated, has been associated with IVH in premature infants 15) .
This review summarizes the current state of understanding of cerebral hemodynamics in premature infants.
CEREBROVASCULAR PRESSURE AUTOREGULATION
Mammalian cerebral vasculature muscularity develops at ap proximately 0.65 gestation (at approximately 26 weeks' gesta tion in humans) 16, 17) . Cerebrovascular pressure autoregulation protects the brain during transient fluctuations in ABP from diminished or excessive CBF over a wide range of ABPs. An auto regulatory plateau exists whereby CBF is held constant across changing ABP ( Figure 1 ). In addition, both an upper and a lower limit exist on the autoregulation curve. Above the upper limit, if the ABP in creases, the CBF increases and below the lower limit, if the ABP decreases, the CBF decreases.
Importantly, autoregulation is mediated by vascular reactivity, which is defined as lowfrequency (0-0.04 Hz) diameter changes in resistance vessels in response to changes in ABP 18) . Premature infants maintain adequate cerebral perfusion across a wide ABP range from approximately 24 to 39 mm Hg, and evidence exists that many premature infants have periods of intact autoregulation 1922)
.
At ABPs below and above the autoregulatory plateau, CBF be comes pressure passive. However, cerebral autoregulation is likely increasingly impaired with decreasing GA and BW, and infants with impaired autoregulation more commonly develop IVH 20, 23, 24) .
In addition, cerebral autoregulation in premature infants is influ enced by hypercapnia, surfactant administration and other neo na tal intensive care procedures 19, 2527) . Finally, impaired autore Figure 1. Autoregulation curve. Autoregulatory plateau is shown as the flat part of the curve where cerebral blood flow is constant across varying blood pressure. The upper and lower limit of autoregulation are depicted, above and below which the brain is more susceptible to injury. The critical closing pressure (CrCP) is the arterial blood pressure at which the cerebral blood flow is zero.
gula tion was associated with increased mortality in this atrisk population 28, 29) .
While the capacity for intact autoregulation has been demon strated in premature infants using both transcranial Doppler ultra sound and nearinfrared spectroscopy techniques, there is limited information about its ontogeny 21) . In a reanalysis of pre viously published data, regulation of CBF velocity (CBFV) was ex amined in 179 premature infants with GA from 23-33 weeks' gestation comparing systolic, diastolic and mean CBFV patterns separately 30) . Vascular resistance changes mediating autoregula tion were effective at regulating systolic CBFV while diastolic CBFV was both low and passive to ABP changes. In addition, there was an association between increasing GA and intact cerebral autoregulation during systole.
The results of this study imply three practicalities related to premature cerebrovascular pressure autoregulation: 1) When
Doppler ultrasound is used to study autoregulation in premature infants, those <26 weeks are likely to demonstrate pressure passivity regardless of care strategy. Therefore, autoregulation monitoring with Doppler is not likely to elucidate optimal care strategies for most ELBW infants. 2) If Doppler is used to study autoregulation in premature infants, evaluation of the systolic phase of the cardiac cycle is more likely to demarcate optimal care strategies than evaluation of mean values across the cardiac cycle.
Premature infants demonstrate an ability to autoregulate the surge of CBFV during systole before any apparent autoregulation of diastolic CBFV. 3) ABP is a poor surrogate of cerebral perfusion pressure in premature infants.
CRITICAL CLOSING PRESSURE
CrCP is the ABP where CBF ceases due to vascular collapse, and it is posited to be the sum of vascular wall tension and intracranial pressure 31) . In concept, CrCP is a factor for the normalization of ABP to an "effective cerebral perfusion pressure" or "closing mar gin, " whereby "effective cerebral perfusion pressure" is equal to ABP minus CrCP 32, 33) . CrCP in infants ranges from 24-33 mm Hg, similar to reported CrCP values in mature subjects 34, 35) . Low ABP in ELBW infants results in a strikingly low effective cerebral perfusion pressure. Small variances of CrCP and ABP, therefore, may result in more dramatic changes in the premature infant's effective cere bral perfusion pressure. This important factor confounds the clinical usefulness of ABP alone as a marker of adequate cerebral perfusion. Moreover, when compared to term infants and adults, the closing margin has greater relevance accounting for the low ABP of premature infants (Figure 2 ).
CrCP has been calculated using two methods. The first method used a model of linear regression plotting multiple measures of mean CBFV and mean ABP. The CrCP was then determined as the mean ABP where the linear regression line crossed the xaxis 35) .
More recently, a new method to calculate CrCP using ABP and CBFV tracings was proposed 33) . In this method, CBFV is described by alternating flow velocity at the frequency of the cardiac cycle, and CrCP is derived from an equation of impedance to flow velo city.
In premature infants, CrCP increased significantly from [23] [24] [25] [26] [27] [28] [29] [30] [31] weeks' gestation at a rate of 1.4 mm Hg per week of gestation 36) .
An individual infant's ability to tolerate low ABP without global
cerebral infarct or hemorrhage may be related to the low CrCP observed in this population. While there may be limitations to measuring CrCP, it will likely have relevance to identifying those premature infants most at risk for brain injury.
DIASTOLIC CLOSING MARGIN
The "effective cerebral perfusion" or "closing margin" can be determined for any phase of the cardiac cycle by subtracting the CBF is often passive to ABP or absent during diastole, and this uni que physiology has only been described in the presence of severe neuropathology in mature subjects 37) . The DCM, diastolic ABP minus CrCP, provides a metric of "effective cerebral perfusion" that can be related to premature brain injury.
CONFLICTS OF INTEREST AND SOURCE OF FUNDING
In premature infants, increased DCM was associated with de veloping severe IVH (Grade 3-4)(P<0.0001, Figure 3 ) 15) . Interes tingly, when comparing infants with severe IVH to those with non severe IVH, both mean CBFV and mean ABP were not different;
the DCM, however, was statistically higher in those infants with severe IVH (P=0.0063). This result may be evidence for a reper fusion injury associated with the pathogenesis of IVH. By simply having a 1mm Hg increase in DCM, there was a 15% increased odds of developing severe IVH. Further, a 5mm Hg increase in DCM was associated with an 89% increased odds of developing severe IVH. Thus, DCM may be a better measure than ABP for de fining premature infant cerebral perfusion.
Further studies are needed to corroborate our findings that elevated DCM can be predictive of developing severe IVH in at risk premature infants. More comprehensive physiologic moni toring data is necessary and may include targeted neonatal echo cardiography, nearinfrared spectroscopy, transcranial Doppler ultrasound and amplitudeintegrated electroencephalography. 
